Atom probe tomography (APT) is a microscopy technique that provides a unique combination of information, specifically the position and elemental identity of each atom in three dimensions. Although the mass and spatial resolution is not perfect, we are still able to gain insights into materials science questions that we cannot access using other techniques. This systematic meta-analysis review summarises research in 2018 that used APT to study materials science questions in aluminium alloys.
Introduction
Atom probe tomography is a powerful technique that allows researchers to gain insights into a material at the atomic scale and in three dimensions in a way that is not possible using any other microscopy method. Despite known imperfections with the absolute atomic accuracy of the reconstructed data, atom probe tomography can still be used to answer specific types of questions.
In this work, we performed a meta-analysis of 34 original research articles of aluminium alloys published in 2018 to determine (1) the types of materials science questions being studied that use atom probe tomography, (2) how atom probe tomography is being used to gather insights into these questions, and (3) how researchers handle the imperfect nature of the data.
Methods
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) method [35] was used to determine the data for this systematic review. We used the tools XMind, Zotero and Microsoft Excel to perform the meta-analysis. Once the set of papers was determined, the full text was read and a list of tags relating to atom probe tomography were associated with each paper.
Results

PRISMA Flow
In the identification stage, 442 papers were found using Scopus by searching for "atom probe" in quotation marks within the title, keywords and abstract. This list of records was downloaded as an RIS file and imported into both EndNote and Zotero.
In the screening stage, the titles of 442 records were exported as a list of references from EndNote into Microsoft Word. The author and titles were then imported into XMind. Each title was classified to develop the initial list of themes and subthemes. Then, the 442 records were tagged more specifically on Zotero based on titles and according to the themes. During this process one article was retracted and was therefore excluded from the next step.
In the eligibility stage, the full text of 38 articles was accessed from the list of 441 papers. These articles were chosen as they were identified with the "Metal-Al" tag prefix. Four articles were excluded based on the full text, where two were review articles, one was modelling work, and one was written in Japanese with no translation. The full text of a paper was associated with a list of structured keywords, prefaced with the text "FT-". The Supplementary Material includes the extracted RIS database of this step.
The result is that the full texts of 34 articles were analysed for both qualitative and quantitative analyses. Appendix A contains the number of instances associated with each tag, grouped according to topic and subtopics.
Meta-Analysis-Materials Science Questions
For this meta-analysis, most papers had only one type of materials science relationship question. There were two exceptions that had no relationship marked (one due to an error, and one only investigated structure). Five papers also had multiple relationship types because they investigated multiple questions.
The information from each table was extracted from the materials science question tags from Appendix A. This was done by counting the instances for each tag that summarised the questions from the paper. We identified types of:
•
Materials science relationship questions being asked ( Properties associated with the samples (Table 5 ) from the tags in Appendix A.3.6. Table 1 . Types of materials science relationship questions studied by atom probe tomography (APT). Table 3 . Types of processing applied to samples studied by APT. Aging  24  HIP 1  2  other  4 1 Hot isostatic pressing. 
Question Type Instances
Type Instances
Meta-Analysis-Atom Probe Tomography (APT)
For this meta-analysis, the information from each table was extracted from the APT tags in Appendix A. Multiple analysis types were identified in each paper. This was done by counting the instances for each tag that summarised the questions from the paper. We identified types of:
• APT analysis ( 
Meta-Analysis-Linking APT Instrument Type with Materials Science Question
In this analysis, the instrument type was linked with the number tags for each type of materials science question (Table 8 ). Each tag had multiple papers, but we reported the number of tags rather than the number of papers. CPSP: composition-processing-structure-property (in that order); CPS: composition-processing-structure; PSP: processing-structure-property; CS: composition-structure; PS: processing-structure; SP: structure-property.
Meta-Analysis-Linking APT Analysis Type with Materials Science Question
In this analysis, the APT analysis type was linked with the number of tags for each type of materials science question ( Table 9 ). Similar to the previous section, each tag had multiple papers, but we reported the number of tags rather than the number of papers. 
Discussion
We determined responses to the following questions based on the data.
What Types of Materials Science Questions Do We Gain Insight into by Using APT?
The top three materials science relationship questions investigated using APT-comprising 92.7% of instances-involved processing and structure. These instances include compositionprocessing-structure-property relationships (43.9%), processing-structure relationships (26.8%) and processing-structure-property relationships (22.0%).
The top three materials science phenomena questions investigated using APT were the structure of particles (41.9%), the effect of processing conditions on properties (17.7%), and theories describing the phenomena (11.29%). Of the phenomena identified, 58% were related to the structure of the material. The full list of specific keywords for each type of question are listed in Appendix A.3.2.
The most popular types of structure investigated using APT were precipitates (45.1% of instances) and clusters (27.5% of instances). Boundaries and solid solution came in at an equal third. This is consistent with the strengths of APT in investigating 3D structure that cannot be observed using any other means.
Hardness was the most popular property correlated with the aluminium alloy structural investigations using APT, comprising 66.7% of total instances.
Is Data Quality Identified as a Significant Issue?
In terms of data quality, 11 (32.4%) of the 34 papers highlighted specific APT artefacts and how they considered this in the interpretation of their data. The other papers did not see this as a significant concern in their particular datasets. Specific issues mentioned were:
•
Composition differences between what was observed in APT and what was expected, in either the bulk or in particles; •
Overlapping peaks in the mass spectrum, causing misidentification of some proportion of the ions; • Trajectory aberrations or solute segregation at the poles; • Preferential field evaporation of specific elements; •
Limitations of the sampling with the limited analysis volume.
Five papers (14.7%) mentioned how they improved the data quality of the APT data through removal of regions with artefacts such as poles or chemical segregation. Six papers included information on how they calibrated the spatial reconstruction, and two of those also included consideration of the mass-to-charge-ratio ranging issues.
Is There a Relationship between Instrument Type and the Materials Science Question Being Asked?
In 33 instances a type of local electrode atom probe (LEAP) was identified and in one instance a tomographic atom probe (TAP) was used. For laser versus voltage machines, 60.6% were identified as laser instruments and 36.4% were voltage-only instruments. For the flight path type, 39.4% were identified as straight flight path instruments, while 57.6% were identified as reflectron instruments.
In terms of the type of materials science question being asked, for compositionprocessing-structure-property (CPSP) questions there was a tendency to use voltage and reflectron flight path instruments (64%). Processing-structure-property (PSP) questions used laser instruments, but there was an even split between straight versus reflectron flight path. Processing-structure (PS) questions tended to use laser and reflectron instruments. The distribution of laser/voltage and reflectron/straight flight path combinations are not publicly available, so we cannot draw conclusions based on the current distribution of instruments.
Note that this study did not effectively capture which mode was being used (either laser or voltage), only what type of instrument was being used. It is anecdotally known that there are trade-offs regarding which modes are used. For example, laser mode improves the yield compared to voltage mode, but voltage mode enhances spatial resolution compared to laser mode. Another example is that reflectron flight path has better mass resolution compared to straight flight path, but straight flight path has better detection efficiency. However, we could not make conclusions on this based on this data.
Is the Software Being Used Up-To-Date?
The current version of IVAS in 2018 was 3.8.x. The most popular software version was IVAS 3.6.12. Of the papers analysed, 68% indicated that they used one of IVAS version 3.6.6 to version 3.8. Matlab is an emerging software platform, whereas PoSAP is an older software platform.
What Specimen Preparation Techniques Are Being Used?
Electrochemical polishing was used in 66.7% studies, while in 22.2% of the studies the gallium focused ion beam (FIB) was used for site-specific specimen preparation. Xenon-based FIB is an emerging technology, and the ElectroPointer is an older technology.
What Other Microscopy Techniques Were Used to Support APT Findings?
There were 20 papers that also used TEM out of the 23 papers that used another form of microscopy to inform their study. Other techniques being used were EBSD (five instances) and SEM (three instances).
Comments on the Methodology
The search criteria limited the papers to only those that had APT as a major component in their investigation and were likely to include original research. We deliberately did not include other papers that merely mentioned APT.
The keyword aspect of publications could be enhanced to better enable this type of study. While some aspects of the study were automated (e.g., generating a raw report of the tags), many aspects-including determining, categorising and synthesising the tags-involved a highly manual process. In tagging, both the title for 442 papers and the full text for 38 papers needed to be read by a human. Categorising involved sifting through keywords, grouping them together into themes and having a feedback process to inform the next iteration, all of which were performed by a human. In synthesising, some of the process was semi-automated, such as calculating the number of papers for a set of tags. This process cannot be handled by current information-processing algorithms such as word clouds or natural language processing. This is because the tags were sometimes determined from a single instance of a particular word, and the tag may not match the actual words as it was published. We note that the~three keywords per article were not very useful and suggest having an "Expanded Keywords" option to more comprehensively capture the content of the article according to the authors' understanding of the work. We suggest that expansion of the keywords include categorisation of keywords according to the topic area, a more structured way of naming the keywords as shown in this study and an increase in the number of keywords to better represent the content of the paper.
Software currently does not exist that can perform this type of analysis from start to finish. We investigated EndNote, Papers3, NVivo, XMind and Zotero. In the end, we settled for a combination of XMind v8, Zotero v5.0.73 and Excel v16.28 to perform the PRISM method and the resulting meta-analysis.
Conclusions
This application of meta-analysis for systematic review of APT research of aluminium alloys is in its infancy. However, it is envisaged that the methodology could be valuable in general for the identification of information and trends that could otherwise be difficult to determine with statistical rigour from individual studies. This new information may not only exist within the scientific literature, but could be extended by application of the methodology to APT data repositories or media platforms through which an ever-increasing amount of knowledge and information is being shared. 
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